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HOT MOLECULAR GAS IN THE GALACTIC CENTER 
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ABSTRACT 

Using the new 23 GHz receivers at the Very Large Array (VLA), we have detected NHs(6,6) emission 
(v = 25.056025 GHz) from hot (> 150 K) molecular clouds in the central 10 pc of the Galaxy. This is the 
first successful detection of NH3(6,6) with the VLA. The brightest emission comes from a region interior 
to the "circumnuclear disk" (CND), less than 1.5 pc in projected distance from Sgr A*. This region 
does not show molecular emission from lower energy transitions such as NH3(1,1) and (2,2), HCN(l-O) 
and HCO + (1-0). Line ratios of NH3(6,6) and (3,3) emission as well as NH3(6,6) line widths have peak 
values within 1.5 pc of Sgr A*, indicating that the gas is physically close to the nucleus. NH3(6,6) is also 
detected towards many features outside the CND observed in NH 3 (1,1), (2,2), and (3,3). These features 
tend to lie along ridges of gas associated with Sgr A East or the massive "molecular ridge" that connects 
the "20 km s" 1 " and "50 km s" 1 " giant molecular clouds (GMCs). 

Subject headings: Galaxy: center — ISM: clouds — ISM: molecules — radio lines: ISM 



1. INTRODUCTION 

At a distance of only 8.0 ± 0.5 kpc (Reid 1993), the 
Galactic center provides a unique opportunity to study 
in detail the environment around a supermassive black 
hole. It is now generally accepted that a black hole of 
2.6 x 10 6 Mq is located at the dynamical center of the 
Galaxy (Eckart & Genzel 1997; Ghez et al. 1998). In the 
radio, emission from just outside the black hole is observed 
as the strong (~ 1 Jy) source, Sgr A*. Sgr A* is sur- 
rounded by arcs of ionized gas (Sgr A West) that appear 
to be feeding the nucleus (Lo & Claussen 1983; Roberts 
& Goss 1993). These arcs are, in turn, surrounded by an 
apparent "ring" of molecular material called the circum- 
nuclear disk (CND, Glisten et al. (1987)). 

Sgr A West and the CND are located in front of or just 
inside the front edge of the expanding supernova remnant 
(SNR), Sgr A East (Pedlar et al. 1989). The expansion of 
Sgr A East appears to be moving large amounts of material 
away from the nucleus, forming ridges of material on all 
sides (Genzel et al. 1990; Ho et al. 1991; Serabyn, Lacy, & 
Achtermann 1992; Zylka et al. 1999; McGary, Coil, & Ho 
2001, hereafter MCH). However, some material may move 
towards the nucleus after being disrupted by the passing 
front and three filamentary "streamers" possibly feeding 
the nucleus have been detected in NH3 (Okumura et al. 
1989; Ho et al. 1991; Coil & Ho 1999, 2000; MCH). 

The metastable (J=K) NH3(J,K) rotation inversion 
transitions at ~ 23 GHz have proven to be useful probes of 
dense (10 4 -10 5 cm -3 ) molecular material near the Galac- 
tic center. They tend to have a low optical depth and a 
high excitation temperature at the Galactic center, mak- 
ing them almost impervious to absorption effects. Satellite 
hyperfme lines separated by 10-30 km s _1 on either side 
of the main line enable a direct calculation of the optical 
depth of the NH3 emission and line ratios of different tran- 
sitions can be used to calculate the rotational temperature, 



Tr, of the gas. 

We recently observed NH3(1,1), (2,2) and (3,3) emission 
from the central 10 pc of the Galaxy. An important result 
from these studies is the apparent increase in line width 
and Tr as gas approaches the nucleus (MCH; McGary & 
Ho in press). However, the reality of this effect has re- 
mained in doubt because the emission also becomes fainter 
near Sgr A*. We suspected that even the NH 3 (3,3) line be- 
comes less sensitive to the extreme environment near Sgr 
A* and observed the central 4' (10 pc) of the Galaxy in 
NH 3 (6,6), at 412 K above ground, using the new 23 GHz 
receivers at the Very Large Array 2 (VLA) in order to de- 
tect the hottest molecular gas. These data represent the 
first successful observations of NH 3 (6,6) with the VLA. 
NH~3(6,6) is detected in many of the features seen in lower 
NH3 transitions, but the velocity integrated map is domi- 
nated by emission less than 1.5 pc (40") in projected dis- 
tance from the nucleus. Line ratios and extremely broad 
line widths (50-90 km s _1 ) indicate this molecular gas is 
physically close to the supermassive black hole. The re- 
maining features lie predominantly along the edge of Sgr 
A East and have line widths greater than 20 km s _1 indi- 
cating interaction with the shell. 

2. OBSERVATIONS 

Observations of NH 3 (6,6) were made with the VLA 
in the D north-C array on 2001 October 1 and Novem- 
ber 16 and have an identical setup and spatial cover- 
age to our previous NH 3 (1,1), (2,2), and (3,3) observa- 
tions so that comparisons between images are straightfor- 
ward (MCH). A five-pointing mosaic centered on Sgr A* 
(0:2000 = 17M5 m 40 s .O, (5 20 oo = -29°00'26".6) fully sam- 
ples the central 4' (10 pc) of the Galaxy and a velocity cov- 
erage of ±120 km s _1 with a resolution of 9.3 km s _1 in- 
cludes most of the velocities observed near the nucleus 
(the features at -185 km s _1 observed by Zhao, Goss, 
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& Ho (1995) are not covered). The data have been cali- 
brated and images made using the same method as MCH. 
The final beam size after application of a Gaussian taper 
(FWHM=10") to the uv data is 12.0" x 9.2" with a PA of 
-1.52°. 

Observations at 25 GHz have only recently become pos- 
sible after the upgrade of the 23 GHz receivers at the VLA. 
At the time of our observations, 16 antennas were fitted 
with new receivers. At the low declination of Sgr A*, the 
new receivers have (T sys ) — 96 K, which is comparable 
to the noise at 23 GHz with the old receivers. Data are 
weighted by l/T^ ys so that old receivers do not increase 
the noise. One hour of integration time was obtained for 
each pointing resulting in an rms noise per channel of 
a c h = 8.7 mjy beam" 1 . For the velocity integrated image, 
the lcr noise level is 0.23 Jy beam" 1 km s" 1 and is cal- 
culated in the same way as MCH assuming line emission 
typically appears in seven channels. 

3. RESULTS 

Figure 1 shows velocity integrated NH 3 (6,6) emission in 
contours overlaid on a pseudo-color 6 cm continuum im- 
age (Yusef-Zadeh & Morris 1987). The point source Sgr 
A* (Aa = 0", Ad = 0") is the brightest feature in the 
6 cm image. The arcs of Sgr A West can be seen in yellow 
and the large expanding shell, Sgr A East, is seen in blue. 
The contours for NH3(6,6) are in steps of 3cr. Figure 2 
shows the velocity integrated map with labeled positions 
for twelve spectra shown to the right. The spectra have 
been Hanning smoothed to a resolution of ~ 20 km s _1 . 
Spectrum L shows the noise at a position with no veloc- 
ity integrated emission. Note the presence of many sep- 
arate features at the position of Sgr A* (spectrum A). 
These features are due to separate clouds, and not satel- 
lite hyperfine lines which are only ~ 30 km s" 1 from the 
main line. With the exception of the 70 km s _1 feature, 
the emission is not coincident with the velocities of known 
clouds in the region, nor do we expect line-of-sight (LOS) 
absorption associated with this high Tr. For spectra B-K, 
the best fit to a Gaussian is overlaid and the line width 
(defined as the FWHM) in km s" 1 is labeled in the up- 
per right-hand corner of each panel. The NH3 (6,6) line 
widths are high throughout the central 10 pc. The typical 
line width for cool molecular gas at the Galactic center 
is ~ 15 km s" 1 (Armstrong & Barrett 1985; MCH), but 
none of the NH3(6,6) features has a line width of less than 
20 km s _1 , despite our sensitivity to FWHM £ 6 km s _1 . 

Finally, we show the line ratio of NH 3 (6,6) to (3,3) emis- 
sion in color in Figure 3. To match the resolution of the 
NHs(3,3) image, the NH3(6,6) image was remade using 
a Gaussian taper resulting in 15" x 13" resolution and 
a' ch = 11 mjy beam -1 , which is equal to the noise in 
the (3,3) image, 033 (MCH). The velocity channel corre- 
sponding to peak NH 3 (6,6) emission is used to measure 
both the (6,6) and (3,3) flux densities which are then used 
to calculate the line ratios. Only pixels with NH 3 (6,6) 
flux density greater than 3a' ch are included. For those pix- 
els where NH3(3,3) emission is less than 3033, the ratio 
of (6,6) emission to 3033 is used as a lower limit for the 
line ratio. Contours of the velocity integrated NH 3 (6,6) 
emission are overlaid for reference. 

If NH 3 (6,6) and (3,3) are in thermal equilibrium, the 



line ratio gives an estimate of the rotational temperature 
of the gas. From Townes & Schalow (1975), Tr is related 
to the opacity of the NH3(3,3) main line and the ratio of 
NH 3 (6,6) and (3,3) antenna temperatures by 

T -287 K m 



in U m (3,3) ln( . i ATa(3,3) ^ e 
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if equal beam filling factors are assumed. The exponential 
dependence of Tr on the line ratio reduces the accuracy 
of the estimation for Tr £ 1000 K. This is a significant 
improvement on NHs(2,2) to (1,1) line ratios which only 
give accurate estimations for Tr ;$ 50 K. The rotational 
temperature is thought to be a good indicator of kinetic 
temperature, Tk, and we assume Tr gives a lower limit 
for T K (Martin, Ho, & Ruf 1982). 

Line ratios greater than 2.3 are seen in Figure 3, but 
they give Tr < 0. These large line ratios may the the re- 
sult of a larger filling factor for NH 3 (6,6), or the dynamic 
range of the NH 3 (3,3) data may be limited by nearby 
bright emission (MCH). It is unlikely that the gas is out of 
thermal equilibrium because the equilibration time is only 
~ 10 3 s. Line widths are quite large in the region (50 - 80 
km s" 1 ) making it unlikely for the NH3(6,6) population to 
be inverted. The large line widths also make absorption of 
NH 3 (3,3) by an un-associated, cool foreground cloud un- 
likely. If the NH 3 (6,6) originates in a radiatively heated 
cloud, then it is possible that the NH 3 (3,3) is absorbed by 
cooler material in the same cloud that has been shielded 
from the radiation. The NH 3 (6,6) would be unaffected by 
absorption because the cooler gas would contain almost 
no NH 3 (6,6). For clouds near the nucleus, the radiation 
involved would most likely originate in the central stellar 
clusters and those clouds with line ratios > 2.3 would be 
located in front of the nucleus along the LOS. 

3.1. The central 1.5 par sees 

The NHs(6,6) velocity integrated map is dominated by 
emission less than 1.5 pc (40") from Sgr A*, interior to the 
CND (spectra B, C, & D). Indications of molecular gas in- 
side the CND have also been observed in NH 3 (3,3), but 
the emission was much fainter than surrounding features 
(MCH). Observations of 63 fxm emission from [Oi] with a 
resolution of 22" indicate a central concentration of neu- 
tral gas interior to the CND, possibly associated with the 
arcs of Sgr A West (Jackson ct al. 1993). The distribution 
of the NH3(6,6) does not mimic the shape of Sgr A West, 
and the line profiles do not show the high velocities asso- 
ciated with the ionized arcs and [Oi] emission (Jackson et 
al. 1993; Roberts & Goss 1993). 

The NH 3 (6,6) emission appears to be kinematically in- 
dependent of material in the CND. To the north of Sgr A* 
(spectra B and C), the gas has a velocity of ~ km s _1 , 
but HCN(l-O) and HCO + (1-0) emission from nearby parts 
of the CND have velocities of 50 - 100 km s" 1 (Wright 
et al. 2001). To the southeast of Sgr A* (spectrum D) 
emission is coincident with a gap in the CND and pos- 
sible origins for this cloud are discussed at the end of 
this section. Spectrum E has a velocity of -20 km s" 1 in 
NH 3 (6,6) compared to -5 km s" 1 in NH 3 (3,3). HCN(l-O) 
and HCO + (1-0) spectra at this position are affected by ab- 
sorption and central velocities cannot be determined, but 
emission from the nearby southern lobe of the CND is cen- 
tered at -100 km s" 1 (Wright et al. 2001). The NH 3 (6,6) 
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line has a relatively small line width (48 km s _1 ) and low 
line ratio (0.3) compared to spectra B, C, and D and we 
assume this feature is not located in the central parsec. 

The large line widths of 75-85 km s _1 in the central 
1.5 pc (spectra B, C, and D) indicate that this gas is phys- 
ically close to the nucleus. The line profiles arc similar to 
those from the CND for other molecules (e.g. Wright et 
al. (2001)) and are well-fitted by Gaussians. The smooth 
profiles make turbulence an unlikely broadening mecha- 
nism. Observations of the expansion of SNRs into molec- 
ular material show that the resulting line profiles are of- 
ten best fit by a combination of dissociative J-type and 
non-dissociative C-type shocks (Wang & Scoville 1992; van 
Dishoeck, Jansen, & Phillips 1993). If the material is trav- 
eling perpendicular to the LOS, the combination of the two 
shocks results in a symmetrically broadened profile (van 
Dishoeck, Jansen, & Phillips 1993). Thus an expanding 
shock front perpendicular to our LOS may explain the 
large observed line widths. 

The NH 3 (6,6) to (3,3) line ratios are very high for spec- 
tra B, C, and D and many of the features in the central 
1.5 pc exceed the upper limit for the line ratio of 2.3. A 
direct calculation of Tr is not possible, but the trends in 
Figure 3 indicate that gas near the nucleus is hot and we 
assume a warm kinetic temperature of 500 K. For an ap- 
proximate mass estimate, we assume an optical depth of 
0.1 and iV H2 = 10 8 7V NH3 (Serabyn & Glisten 1986) and 
find iVn 2 = 8 — 9 x 10 23 cm -2 for B, C, and D, and a total 
gas mass in the central 2 pc on the order of 10 4 M . This 
mass is similar to those calculated by (Coil & Ho 1999, 
2000) for cooler molecular clouds in the central 10 pc. The 
estimated virial mass is ~ 10 6 M Q for a cloud of radius 
15" and line width 80 km s _1 (MacLaren, Richardson, & 
Wolfendale 1988). Thus, it is safe to assume that these 
clouds are not gravitationally bound. 

In lower transitions of NH3 , there is evidence for a con- 
nection of the "20 km s^ 1 " GMC to the nucleus along 
the "southern streamer" (Act = 30", AS = -100") (Ho 
et al. 1991; Coil & Ho 1999, 2000). The gas appears to 
become warmer and line widths broaden as the southern 
streamer approaches the nucleus. However, the emission 
disappears within 2 pc of the nucleus. We detect signifi- 
cant NH 3 (6,6) - 20" to the southeast of Sgr A*, coinci- 
dent with the "gap" in the CND seen in HCN(l-O) and 
HCO+(1-0) (Wright et al. 2001). This gas has a velocity 
of 40 km s and appears to be kinematically connected 
to the southern streamer (spectrum I). The large line ra- 
tios and broadened line widths (up to 80 km s _1 ) indicate 
that it may trace the continuation of the southern streamer 
towards the nucleus. The velocity is less than the escape 
velocity for a distance of 2 pc, but ambiguities in projected 
distance and velocity make it impossible to claim that it 
is definitely bound by the nucleus. 

3.2. Features outside the CND 

The "western streamer" is offset 1' to the west of Sgr A* 
along the edge of Sgr A East (coincident with spectra G 
& H). It is known to have high ratios of NH 3 (2,2) to (1,1) 
emission (MCH) as well as large line widths (McGary & Ho 
in press). In NH 3 (6,6), line widths range between 30 and 
50 km s _1 . The line ratios in the western streamer have 
an average value of 0.66 indicating Tr ss 230 K if the gas 
is optically thin. The velocity gradient of 25 km s _1 pc -1 



observed in NH 3 by MCH accounts for the line velocities of 
+30 km s _1 in spectrum G and -30 km s _1 in spectrum H. 
The gradient is easily explained by a long filament highly 
inclined to the the LOS and moving out with the expand- 
ing shell. The impact of the shell perpendicular to the LOS 
could again explain the broad line widths in this feature. 

The molecular ridge that connects the "20 km s -1 " 
GMC in the south to the "50 km s" 1 " GMC in the east (Ho 
et al. 1991: Dent et al. 1993; Coil & Ho 1999; 2000, MCH) 
is composed of the southern part of the southern streamer, 
SE1 (70", -100"), and SE2 (110", -60") (spectra I, J, & 
K, respectively). Emission from the molecular ridge has 
a typical velocity of 35 km s _1 , line width of 25 km s _1 , 
and an average line ratio of 0.41 (170 K), making it rela- 
tively cool compared to other features in our map. How- 
ever, the line widths are roughly 10 km s _1 larger than 
that associated with the nearby, cold GMCs. The concave 
southeastern edge of Sgr A East seen in the 6 cm image 
is thought to result from an impact with SNR G359.92- 
0.09 (centered at Aa = 120", AS = -180", (Coil & Ho 
2000)) and it is possible that the shocks from this collision 
have produced increased temperatures and densities (Coil 
& Ho 2000). There is a lack of NH 3 (6,6) emission on the 
northeast edge of Sgr A East where it is impacting the 
massive, but relatively quiescent, "50 km s _1 " GMC. The 
high density of this GMC may result in a faster cooling 
rate in this feature, limiting the production of NH 3 (6,6). 

Within the outer edge of the Sgr A East shell is a 
well-known north-south ridge of continuum radio emission 
~ 50" to the east of Sgr A* (coincident with spectrum F), 
roughly along the eastern edge of Sgr A West (Pedlar et al. 
1989). Although the northern end of the ridge is coincident 
with the eastern edge of the CND, NH 3 (3,3) observations 
indicate that the 50 km s _1 gas is most likely an exten- 
sion of SE1 (MCH). The NH 3 (6,6) line width along this 
ridge ranges from 40-60 km s^ 1 and has an average line 
ratio of 1.0 corresponding to Tr = 340 K. The line ratio 
peaks in the south where there is a lack of emission from 
HCN (Wright et al. 2001). The similarity of the western 
streamer and this eastern ridge as well as the asymmetric 
line profile (spectrum F) indicates that it likely lies on the 
expanding front of Sgr A East (Pedlar et al. 1989). 

4. SUMMARY 

With 25 GHz observations now practical at the VLA, 
NH 3 (6,6) is an excellent tracer of hot, dense molecular 
material. Velocity integrated NH 3 (6,6) images are domi- 
nated by emission less than 1.5 pc in projected distance 
from Sgr A*. High line ratios and line widths indicate that 
this molecular material is likely close to the supermassive 
black hole and is interior to the CND. In addition, the 
hottest emission to the southeast of Sgr A* appears to 
connect the southern streamer to the nucleus. The re- 
maining NH 3 (6,6) emission tends to lie along the ridges 
that surround the Sgr A East shell, tracing features that 
show a high line width in earlier NH 3 (1,1), (2,2), and (3,3) 
data. 

The authors thank P. Sollins, T. Bcrgin, and the referee 
for helpful comments and D. Shepherd for help with the 
25 GHz system. RSM is supported in part by a Harvard 
University Merit Fellowship. 
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Fig. 2. — Left : Position of spectra overlaid on velocity integrated NHs(6,6) emission. Sgr A* is located at (0,0). Right : NH3(6,6) spectra 
with Gaussian fits overlaid showing that the largest line widths are located close to the nucleus. Line widths in km s~ 1 are given for spectra 
B-K in the upper right-hand corner of each panel. 
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Fig. 3. — Ratio of main line NH3(6,6) and (3,3) emission. The velocity channel for the main line is chosen using the NH3(6,6) image cube. 
Line ratios are calculated for every point with (6,6) emission > 3cr' ch . For pixels with faint (3,3) emission, 3cr 3 3 is used to estimate a lower 
limit for the line ratio. Sgr A* is located at (0,0). 



